Abstract: Evaluation of the hydrogeochemical characteristics and groundwater suitability for domestic use was conducted in the Halabja Saidsadiq Basin in the northeastern part of Iraq. The total studied area is about 1278 km 2 with a specific Mediterranean-type continental interior climate, which is cold in winter and hot in summer. To conduct the required laboratory chemical analysis for groundwater samples in the studied basin, 78 groundwater samples, in total, were collected from 39 water wells in the dry and wet seasons in 2014 and analyzed for major cations and anions, and the results were compared with the permitted limits for drinking water. An examination of the chemical concentrations of the World Health Organization drinking water norms demonstrate that a large portion of the groundwater samples is suitable for drinking, and a preponderance of groundwater samples situated in the class of hard and very hard water types for both seasons. Suitability of groundwater for drinking use was additionally assessed according to the water quality index classification. This showed that more than 98% of groundwater samples have good water quality in the dry and wet seasons. Conversely, the classification of groundwater samples based on Piper's diagram designates that the groundwater type is alkaline water, with existing bicarbonate along with sulfate and chloride. However, water-rock exchange processes and groundwater flow have been responsible for the dominant water type of Ca-Mg-HCO 3 .
Introduction
The deficiencies in freshwater resources have turned into an essential issue facing the world. Therefore, groundwater is of specific significance regarding civic domestic water supply, particularly for the residents of arid and semi-arid regions [1] . However, rapid urbanization and increasing populations have accelerated the consumption of groundwater resources and caused serious environmental problems in the last few decades [2] , and various studies have shown severe groundwater contamination. It is well known that the mineral composition of water has a reflective impact on soil composition and plant growth. Therefore, the classification system for evaluating the quality of groundwater for drinking purposes can be established by analyzing several related chemical elements, including Ca 2+ , Mg 2+ , Na + , K + , Cl − , SO 4 2− , HCO 3 − , and NO 3 − , and assessing several physical properties like (acidity or alkalinity (pH), electrical conductivity (EC), temperature, total dissolved solid (TDS), and total hardness (TH)).
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Site map of the Halabja Saidsadiq Basin (HSB) [16] .
Quaternary (alluvial) deposits are the most important unit in the area in terms of hydrogeological characteristics and water supply. These sediments are deposited as debris flows on the gently sloping plains, or channel deposits, or channel margin deposits, and over bank deposits [15] . Previous studies [14, 15] stated that the recent deposits are up to 150 m thick, while field observations conducted in this study recorded thicknesses of these deposits of up to nearly 300 m. 
Hydrogeological Setting
Geological conditions and tectonic processes usually control the hydrogeology of the study basin, affecting groundwater occurrence, and water levels, and movement. In addition, permeability and porosity are the main principal factors in determining the potential of the area to be considered as a water-bearing aquifer. Accordingly, based on their specific classification [15] , different types of [16] .
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Water 2019, 11, x FOR PEER REVIEW 4 of 13 aquifers were nominated in the study basin ( Figures 3 and 4) . All aquifer types and thicknesses are explained in Table 1 . The groundwater level data recorded in the field work and the archives of the Ground Water Directorate reveal that the mountain series which surround the basin in the northeast and southeast are characterized by a deep water table level, while the center and the southeastern parts have a shallow water table level. The groundwater movement is usually from the north and northeast to southwest, and from the south and southeast to southwest. [14] Additionally, the study basin comprises several rivers and streams, such as Sirwan river, and the Zalm, Chaqan, Biara, Reshen, and Zmkan streams. All of these rivers and streams are considered as the main recharge sources of Derbandikhan Lake, which is located in the southeast of the basin. There are several springs inside the basin. These springs are classified into three classes [15] : less than 10 L/s, such as Anab, Basak, Bawakochak, and 30 other springs; 10-100 L/s, such as Sheramar, Qwmash, Khwrmal, Garaw, and Kani Saraw springs; and more than 100 L/s, such as Ganjan, Reshen, and Sarawy Swbhan Agha springs.
Uncertainty Measurement of Chemical Analysis
All measurements have a degree of uncertainty regardless of their precision and accuracy. This is caused by two factors, the limitation of the measuring instrument (systematic error) and the skill of the experimenter making the measurements (random error). In this study, we assessed the impact of systematic errors (trueness) on the chemical analysis [18] .
Trueness (Systematic Error) of Chemical Analysis
The trueness (systematic error) of the chemical analysis for major ions can be estimated from the electroneutrality condition. This is achieved by taking the relationship between the total cations (Ca 2+ , Mg 2+ , Na + , and K + ) and the total anions (SO 4 2− , HCO 3 − , and Cl − ) for each set of complete analyses of water samples [12] using the following equation:
where EN% (electroneutrality) is the percent/reaction error, and Σ is the total cations and anions expressed in milliequivalents per liter. The accepted limit or certain limit is between 0%-5%. If it is between 5%-10% that means it should be carefully dealt and if it exceeds 10% (uncertain) then it means it is not useful for geochemical interpretation and it must be eliminated from the subsequent analyses. By applying the above methods to the water samples, the results from both seasons were found within the acceptable limit.
Assessment of Groundwater Quality for Domestic Purposes
The chemistry of water is very dynamic, largely controlled, and modified by its medium of contact, namely rocks and soil. Water type and hydrochemical facies evaluations are extremely useful in providing a preliminary idea of the complex hydrochemical processes in the subsurface. Determination of hydrochemical facies has been extensively used in the chemical assessment of groundwater and surface water for several decades. Several researchers recommend a variety of classification modes for water classification, including Piper's outline [19] , Durov charts [20] , and Chadha's graph [21] . The groundwater samples of the considered study area were classified according to the Piper classifications. The Piper diagram has three major components, including a cation triangle, Water 2019, 11, 690 6 of 14 anion triangle, and central diamond-shaped field. This diagram is an effective graphical procedure for segregating relevant analytical data in order to determine the sources of dissolved constituents in the water. This procedure was born under the statement that most natural waters contain cations and anions in chemical equilibrium [19] .
The groundwater quality has been assessed for domestic use by analyzing the major ionic elements Ca 2+ , Mg 2+ , Na + , K + , Cl − , SO 4 2− , HCO 3 − , and NO 3 − , and the physical parameters (pH, EC, and temperature, TDS, and TH). Groundwater samples from 30 water wells and 9 springs were collected at the end of September 2014 for the dry season, and at the end of May 2015 for the wet season ( Figure 5 ), to allow for seasonal variations. These samples were chemically tested for major cations, anions, and minor compounds. All water samples were filtered through cellulose acetate syringe filters Ø: 25 mm with a pore size of 0.20 µm for cation and anion analyses while at, or directly after returning from, the field.
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The total hardness (TH) is believed to be one of the most essential parameters for evaluating water quality for drinking suitability. Hardness affects the ability of water to form a lather with soap. Hardness is characteristic which is determined by calcium and magnesium, and is also dependent on several additional factors, such as pH and alkalinity. Total hardness for the tested groundwater samples was computed using the following equation [23] .
The groundwater quality was evaluated by comparing the physicochemical parameters of different groundwater samples of the HSB with drinking water standards recommended by the World Health Organization [24] . The spatial distribution and the seasonal variations in physicochemical quality parameters of groundwater were investigated by using the principal of the drinking water quality index for both seasons. This was achieved by assessing 11 water quality parameters, including (pH, EC, TDS, Ca 2+ , Mg 2+ , Na + , K + , HCO 3 − , Cl − , SO 4 2− , and NO 3 − ).
The estimations of WQI were dependent on the recommended standards for domestic use, where 11 water quality parameters were selected, including TDS, pH, EC, Na + ,Ca 2+ , K + , Mg 2+ , HCO 3 − , SO 4 2− ,Cl − , and NO 3 − . First, the relative weights (wi) were assigned to each parameter, referred to as its effective magnitude in the water quality of drinking utility ( Table 3 ). The highest weight of 5 was allocated to the parameters TDS, Na + , Cl − , NO 3 − , and SO 4 2− , due to their importance in WQI assessment, and the lowest weight of 1 was given to HCO 3 − because of its relatively less significant role in WQI assessment [11] . Second, the relative weights (Rwi) were calculated based on the following equation:
where Rwi is the relative weight, wi is the weight of each parameter, and n is the number of parameters. Finally, the drinking water quality index (qi) for each parameter was computed using the following equation, which is recommended by [24] :
where qi is the quality rating, Ci is the concentration of each chemical parameter in each water sample in mg/L, and Si is the permissible concentration in mg/L for each chemical parameter according to the guidelines. The WQI was computed by applying the following equation:
In addition, water quality categories were defined based on WQI (Table 4) . Generated spatial distribution maps for the TH, TDS, and WQI were created for HSB. The groundwater quality classification map was developed from different thematic layers based on the standards for drinking water [24] by using inverse distance weighting (IDW) in ARC GIS 10.3 software. The classification of water quality is essential for an assessment of the suitability of water for domestic purposes. 
Results and Discussion

Hydrogeochemical Evaluation
Understanding groundwater quality is important, because it is the major factor which decides the suitability of water for different uses in domestic, industrial, and agricultural purposes. Arithmetical outcomes of the numerous chemical and physical factors of examined groundwater samples from the HSB are presented in Table 5 . The values of pH for both seasons varied from 7.1 to 8.3 with an average of 7.72 and 7.66 in the dry and wet seasons, respectively.
The average of electrical conductivity (EC) during the dry season is 568.03 µS/cm, whilst it is 517.11 µS/cm for the wet season. This shows that all the included water samples are within the suitable range of the standard [24] of 1500 µS/cm for each season. The total dissolved solids (TDSs) represent the concentration of all liquefied matter in the water. TDS levels under 600 mg/L can still be considered as high, and concentrations greater than 1000 mg/L diminish the suitability of the water for drinking [24] . Estimations of TDS in the considered studied area differed from 130 to 600 mg/L, and 120 to 550 mg/L, with an average rate of 254 and 200 mg/L in the dry and wet seasons, respectively. Piper Diagram
The equivalent percentages of the major cations and anions are outlined in a separate triangle to prepare the Piper diagram. These plotted positions in the triangular fields are anticipated to be further in the central diamond field, which describes the general character of the groundwater [26] .
The plot of chemical analysis on a Piper diagram for the dry season ( Figure 6 ) and for the wet season (Figure 7 ), confirms that a large portion of the groundwater tests in the HSB characterized the groundwater as alkaline with existing bicarbonate and with sulfate and chloride. Similarly, [15] classified groundwater in the same studied basin utilizing a Piper diagram also concluded that the common water was alkaline with existing bicarbonate and with sulfate and chloride. The results achieved from this study and outcomes of [15] support the trueness and precision of this classification. The effect of the carbonate rocks on the properties and type of groundwater within these classes is quite clear. Thus, the high amount of substances corresponding to soluble earth alkaline metals could be ascribed to the groundwater recharge from carbonate rock which embodies the surroundings of the Avroman, Balambo and Jurassic aquifers that were the considered within the investigated catchment areas. The equivalent percentages of the major cations and anions are outlined in a separate triangle to prepare the Piper diagram. These plotted positions in the triangular fields are anticipated to be further in the central diamond field, which describes the general character of the groundwater [26] .
The plot of chemical analysis on a Piper diagram for the dry season ( Figure 6 ) and for the wet season (Figure 7 ), confirms that a large portion of the groundwater tests in the HSB characterized the groundwater as alkaline with existing bicarbonate and with sulfate and chloride. Similarly, [15] classified groundwater in the same studied basin utilizing a Piper diagram also concluded that the common water was alkaline with existing bicarbonate and with sulfate and chloride. The results achieved from this study and outcomes of [15] support the trueness and precision of this classification. The effect of the carbonate rocks on the properties and type of groundwater within these classes is quite clear. Thus, the high amount of substances corresponding to soluble earth alkaline metals could be ascribed to the groundwater recharge from carbonate rock which embodies the surroundings of the Avroman, Balambo and Jurassic aquifers that were the considered within the investigated catchment areas. 
Evaluation of Groundwater Quality for Domestic Purposes
The map of the spatial distribution of TDS (Figure 8 ) demonstrates that most of the studied areas have a desirable concentration of TDS in groundwater both in the dry and wet seasons. Expanding the normal estimation of TDS in the dry season indicates that the increased groundwater ejection and the evaporation process led to the extreme deposition of desirable salts. In addition, according to the specific classification [27, 28] , more than 95% of groundwater samples were fresh with fewer soluble salts and, therefore, groundwater in this area can be used for domestic purposes without any major health risk with regard to TDS.
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Hardness is an essential property of water from the perspective of drinking application [29] . Figure 9 illustrates the spatial and temporal disparity of groundwater hardness in the HSB. Groundwater investigation reveals that groundwater in the HSB is hard to very hard when referring to the classification proposed by [30] , because the average hardness is 318 mg/L for the dry season and 299 mg/L for the wet season. The proper upper limit of TH is 500 mg/L [31] . Consequently, the results of the analysis reveal that the whole studied basin in both seasons has an acceptable limit of total hardness in the groundwater for drinking purposes. Accordingly, TH above 300 mg/L is not suitable for drinking [32, 33] ; this water may cause scaling in the public water supply system and also requires more detergents for cleaning and causes yellowing of fabrics. The water quality index was applied to evaluate the groundwater quality of the HSB for consumption purposes. The comparative weight, quality ranking, and subindex were constructed for each parameter, and the WQI at the monitoring wells in each season was resolved. The inverse distance weight (IDW) method of a GIS technique was applied to interpolate the WQI rates, in order to create a WQI map for the HSB. The WQI fluctuated from 20.23 to 50.7 throughout the dry season, Hardness is an essential property of water from the perspective of drinking application [29] . Figure 9 illustrates the spatial and temporal disparity of groundwater hardness in the HSB. Groundwater investigation reveals that groundwater in the HSB is hard to very hard when referring to the classification proposed by [30] , because the average hardness is 318 mg/L for the dry season and 299 mg/L for the wet season. The proper upper limit of TH is 500 mg/L [31] . Consequently, the results of the analysis reveal that the whole studied basin in both seasons has an acceptable limit of total hardness in the groundwater for drinking purposes. Accordingly, TH above 300 mg/L is not suitable for drinking [32] ; this water may cause scaling in the public water supply system and also requires more detergents for cleaning and causes yellowing of fabrics.
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Conclusions
The groundwater quality of the HSB has been evaluated by using physicochemical parameters, The water quality index was applied to evaluate the groundwater quality of the HSB for consumption purposes. The comparative weight, quality ranking, and subindex were constructed for each parameter, and the WQI at the monitoring wells in each season was resolved. The inverse distance weight (IDW) method of a GIS technique was applied to interpolate the WQI rates, in order to create a WQI map for the HSB. The WQI fluctuated from 20.23 to 50.7 throughout the dry season, and from 24.57 to 43.62 during the wet season ( Figure 10 ). The WQI map reveals that the groundwater aquifer in the studied basin can be divided into three classes, including excellent, good, and permissible water quality for the dry season, while for the wet season, only two classes were observed, of excellent and good water quality. The high level of good water quality of the wet season compared to the dry season might be associated with the groundwater recharge throughout the winter and spring seasons. The dilution due to rain might be the reason for improved water quality in the wet season. It was observed that at different sampling locations, the quality of water varied as well, due to the impact of different geological formations, which plays a major role in groundwater flow and quality in the study area. 
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The groundwater quality of the HSB has been evaluated by using physicochemical parameters, and the drinking suitability of groundwater was examined through the WQI. The dominate groundwater type in this basin is alkaline water with existing bicarbonate as well as sulfate and chloride, and this might be due to the geology of the area and water-rich ionic exchange, and the groundwater samples were in the class of hard to very hard for most of the groundwater samples.
The spatial distribution of WQI for 78 samples distributed over the studied basin ranged from 20.23 to 50.7 and 24.57 to 43.62 in the dry and the wet seasons, respectively. The results of the WQI for drinking show that the groundwater of this basin has permissible to excellent groundwater quality in the dry season, and a good to excellent groundwater quality in the wet season, for approximately all groundwater samples. The higher levels of groundwater quality in the wet season, compared to the dry season, might be expected, due to the groundwater recharge during the winter and spring periods, which leads to a dilution of chemical components, in contrast with high irrigation and agricultural activities and groundwater discharge in the dry season, which leads to increased concentrations of chemical components. The present study reveals the high competence of GIS in analyzing complicated spatial data and mapping of groundwater quality. This case study proposed an applicable method which may be relevant to other regions in the world, as part of an attempt towards achieving the goals in groundwater utilization and management. Overall, it may be inferred that the applied method may serve as a tool for describing water quality in terms of the specific water usage for water supply. The WQI may also be used as a tool for measuring trends of water quality in water resources. 
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